The paper deals with numerical investigation of the effect of plaque morphology on the flow characteristics in a diseased coronary artery using realistic plaque morphology. The morphological information of the lumen and the plaque is obtained from intravascular ultrasound imaging measurements of 42 patients performed at Cleveland Clinic Foundation, Ohio. For this data, study of Bhaganagar et al. (2010) [1] has revealed the stenosis for 42 patients can be categorized into four types -type I (peak-valley), type II (ascending), type III (descending), and type IV (diffuse). The aim of the present study is to isolate the effect of shape of the stenosis on the flow characteristics for a given degree of the stenosis. In this study, we conduct fluid dynamic simulations for the four stenosis types (type I-IV) and analyze the differences in the flow characteristics between these types. Finely refined tetrahedral mesh for the 3-D solid model of the artery with plaques has been generated. The 3-D steady flow simulations were performed using the turbulence (k-e) model in a finite volume based computational fluid dynamics solver. The axial velocity, the radial velocity, turbulence kinetic energy and wall shear stress profiles of the plaque have been analyzed. From the axial and radial velocity profiles results the differences in the velocity patterns are significantly visible at proximal as well as distal to the throat, region of maximum stenosis. Turbulent kinetic energy and wall shear stress profiles have revealed significant differences in the vicinity of the plaque. Additional unsteady flow simulations have been performed to validate the hypothesis of the significance of plaque morphology in flow alterations in diseased coronary artery. The results revealed the importance of accounting for plaque morphology in addition to plaque height to accurately characterize the turbulent flow in a diseased coronary artery.
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Introduction
Flow in a normal coronary artery is laminar in nature. As fatty material accumulates in the coronary artery, streaks of plaque develop on the walls of the artery. During these early stages, the plaques are not of significant consequence to the flow dynamics and the flow does not deviate from the laminar state present in a normal coronary artery [2] [3] [4] . As time progresses the plaques start to grow inward into the lumen (channel through which the blood flows), and thus result in the localized narrowing of the artery. This narrowing of the artery -stenosis-alters the flow characteristics in the artery from laminar to turbulent state posterior to the stenosis.
The stenoses are commonly assessed as a percentage obstruction in the diameter of the lumen. It is a common practice to characterize the stenosis using the percentage obstruction or the height of the obstruction criterion. However, recent studies have clearly shown that the characteristic flow dynamics due to stenosis are strongly influenced by factors, such as (a) morphological structure of stenosis developed, (b) pulsatile nature of the flow [5] [6] [7] [8] and numerous others). However, we do not have a complete understanding of, (a) what are the flow characteristics that are altered due to the stenosis? (we need an accurate representation of transition and turbulence, and this requires an understanding of detailed low and high order statistics of flow parameters (velocity, pressure, and others), flow-structures and mechanisms, in perspective), (b) how does the shape of the plaque accumulated alter these flow characteristics? The focus of the present work is to understand the significance of plaque morphology in altering the flow characteristics for plaques with identical degrees of stenosis.
The evidence of turbulence in regions distal to a stenosis was first demonstrated based on detection of high frequency pressure signals for lesions with 23%-76% stenoses [9] . Based on clinical findings as murmurs [10] laboratory experiments [2, 11, 12] , medical imaging methods [13] [14] [15] it is now well established that stenosed coronary artery creates high levels of turbulence, thus significantly modifying the flow characteristics. The effect of morphological characteristics of the plaque on the modification of the flow characteristics in a stenosed coronary artery is still not well understood. In particular, the role of plaque morphology on turbulence characteristics is still not clear. An important issue that remains unclear is the relationship between the hemodynamic conditions and the geometrical parameters that define the severity of the stenosis [16] . Under laminar flow assumptions, Stroud et al. [17] have demonstrated that for idealized test cases with identical degree of stenosis, axisymmetric and non-axisymmetric lesions exhibited significantly different flow fields and wall shear distributions, thus suggesting the importance of plaque morphology rather than a percentage based criterion to characterize the flow. It is becoming clear that degree of stenosis is not a true representation of the degree or characteristics of turbulence, and suggests a need to explore the dependence of the flow features on the morphological features of the plaque. Towards this direction we need a numerical simulation based on accurate shape of the plaque morphology.
Recently, turbulent conditions have been used to simulate flow in diseased coronary artery, in particular, k-e, a 2-equation turbulence model was used [8, 18] . Varghese and Frankel [19] performed an extensive comparison of RANS, k-x, k-co, and low Re k-co approaches using the commercial package ANSYS. Mittal and Simmons [20] used a second order primitive variable formulation to perform large eddy simulation of stenosis in a channel flow, the results of the turbulence model matched well the simulations of Mittal and Simmons [20] , and thus k-e emerged as a valid turbulence model for accurate representation of the flow features. These promising results achieved by these turbulent models for idealized stenosis geometries is the motivation for our current work of using turbulence models to understand plaque morphology in flow. In the k-e, two equation model for turbulence flows, two additional transport equations to represent the turbulent kinetic energy (k) and the turbulent dissipation, e are solved. Turbulent kinetic energy (k) represents the large scale features of the flow, and the turbulent dissipation, e represents the viscous scales, the small scale features of the flow.
Recent advances in medical imaging have made it possible to obtain a comprehensive view of coronary anatomy to assess plaque morphology using imaging techniques such as intra-vascular ultra sound (IVUS), computed tomography (CT), X-ray angiography and magnetic resonance imaging (MRI). However, they are still not at a stage to provide well resolved and detailed information about the hemodynamics (particularly turbulence) in diseased vessels. A viable alternative is to use the geometrical information of the artery obtained from imaging techniques and to couple them with numerical simulations that solve the governing equations for fluid flow for that particular geometry. This strategy has been successfully implemented with geometries derived from X-ray angiography [21, 22] magnetic resonance imaging [23] , IVUS [24] [25] [26] . However, these simulations have been performed under laminar flow assumptions. Recently, the feasibility of coupling medical imaging with numerical simulations for turbulent flow conditions was demonstrated using k-e turbulence models [7] . Evidence is accumulating that the fluid dynamics surrounding the plaque plays a role in the diagnosis, extent and evolution of the diseases, pointing to the need for more detailed analyses than what can currently be provided through invasive techniques or imaging alone. Clearly this work requires numerical analysis that can handle complex geometry as well as the challenges associated with plaque morphology.
In this current work, we have obtained the morphological information of coronary lesions for 42 patients who underwent IVUS procedure for a clinical indication at Cleveland Clinic Foundation. These patients exhibited moderate stenosis (less than 50% angiographically) in proximal to mid portion of left anterior descending artery (LAD). For convenience of analysis, in order to group the lesions, a fuzzy logic analysis was performed by Bhaganagar et al. [1] for the plaques on the lower-wall was performed based on morphological parameters such as shape, slope, and area occupied by the lesions for 42 patients. This resulted in a classification of plaques which we have defined as follows: type 1 lesions were those that exhibited conspicuous protrusions with peak-valley type structure, type 2 comprised those lesions with ascending or increasing slope, type 3 comprised those lesions with descending or decreasing slope, and type 4 comprised those lesions with constant slope and diffuse in extent. The canonical types are shown in Fig. 1 . Of the 42 lesions, 21% were of type 1, 18% of type 2, 23% of type 3, 28% of type 4. The remaining lesions did not fit in single category and they exhibited multi-type characteristics, which we did not consider for the present study. Grouping the lesions in this manner was convenient, as lesions belonging to different types signify different morphological features; and within the same type, the lesions differ only in their height (or degree of stenosis).
Finely refined tetrahedral mesh was generated for the artery with plaques using solid-works software developed by Dassault Systèmes SolidWorks Corp. MA, USA. The 3-D steady flow simulations were performed using the turbulence (k-e) model in a finite volume based computational fluid dynamics solver, ANSYS developed at ANSYS Inc, PA, USA. The artery was approximated using cylindrical pipe geometry. The plaque was fitted on the walls of the pipe. The simulations were performed for type I-IV and detailed comparisons between the 4 types have been made. Section 2 discusses the methodology, and the results for 3-D steady flow simulations are presented in Section 3, the results for 3-D pulsatile flow simulations are presented in Section 4. The discussion and conclusions are presented in Section 5.
Methodology
The methodology consists of the three steps, (i) extracting the plaque height and lumen size from IVUS data, (ii) generating a 3-D replica of the lumen using solid-works commercial software, (iii) mathematical formulation of the problem, (iv) performing flow simulations using ANSYS.
Extracting the plaque height and lumen size from IVUS Data
The morphological details of the plaque geometry derived from IVUS procedure consists of plaque distributions at 13 locations (corresponding to 13 mm) in the cross-sectional planes at 1 mm intervals in segments between the proximal and mid portion of LAD. Initially the data from IVUS at these four circumferential locations (see Fig. 2 ) was imported into solid works. A spline interpolation was used to interpolate the data between these four points on to a finer mesh. Similar procedure has been repeated for all the 13 cross-sections along the lumen. 
Generating 3-D replica of the lumen
The next step is to generate a 3-D solid model for the artery and to generate a mesh for the lumen. Here, solid model of hollow pipe was created with the walls covered with the interpolated plaque thus representing the stenotic artery. The length of the artery is assumed to be 54 mm in length, the outer diameter and the inner diameter dimensions are obtained from the IVUS measurements. The outer diameter varies from 3.4 mm to 4 mm. The height of the stenosis for all the cases varied from 0.8 mm-0.9 mm in height. It was ensured that the accurate shape of the plaque is represented after the spline interpolation. A tetrahedral mesh was generated for the lumen as shown in Fig. 3 . Finally, the mesh for the 3-D solid model was exported to the ANSYS software to simulate the flow in the lumen.
Mathematical formulation
The governing equations for fluid flow in a stenosed pipe are the Navier-Stokes equations, which in the primitive variable formulation are given as,
where, u i is the instantaneous velocity, p is the instantaneous pressure, q is the density of the fluid and t is the kinematic viscosity. The Reynolds decomposition can be used to decompose the instantaneous velocity to a mean flow and turbulence component,
. Using Reynolds decomposition in Eq. (1) and performing long-time averaging results in a governing equation for the mean velocity, which is the Reynolds averaged Navier Stokes equation (RANS). In the RANS, the Reynolds stress terms are modeled using a modified viscosity t T see Eq. (5), yielding:
A two-equation turbulence model consisting of the transport equations for the turbulent kinetic energy (k) and the dissipation (e) is used:
A Boussinesq hypothesis used to approximate the Reynolds stress term as following in Eqs. (3) and (4):
Here, s ij is the strain rate tensor of the mean flow. The closure constants are the standard k-e coefficients, namely, C l = 0.09, C e1 = 1.44, C e2 = 1.92, r e = 1.3 and r k = 1.0.
In summary, the mean flow equation Eq. (2) along with the turbulent kinetic energy Eq. (3), and turbulent dissipation Eq. (4) are solved. The Reynolds stress stress is modeling using Eq. (5). The equations are formulated in finite volume framework. The discretization is performed to second order accuracy. For the initial conditions, turbulent flow simulations are imposed, which have been obtained from simulations of stenosed pipe at a Re = 2000. The equilibrium turbulence solution is independent of the turbulent initial conditions, it is valid to obtain the initial conditions from a higher Reynolds number simulations. Turbulent conditions are specified at the inflow for the mean flow. At the wall, law of the wall is specified for the mean flow. The simulations are performed with constant pressure gradient for the desired Reynolds number. The resultant coupled system of equations is solved using an iterative multigrid methodology. 
ANSYS simulations
The next step is to import the solid models to flow simulation software. At this stage the solid model was imported and the inner cylinder was transformed from solid region to fluid. The 3-D steady flow simulations were performed using the turbulence (k-e) model. The velocity inlet and pressure outlet boundary conditions were defined at this stage. The assumptions made are as follows: (1) steady flow conditions, (2) the flow is turbulent in nature, (3) the Reynolds number of the flow is 400, (4) the convergence criterion for k-e and continuity was taken as 10
À7
. The peak Reynolds number for physiological flow conditions in coronary artery is around 390. So the Reynolds number appears to be justified. The assumption of rigid boundary is reasonable since development of atherosclerosis in arteries causes a considerable reduction in the elastic property of its wall. The assumption of Newtonian fluid is justified as it is known that blood behaves as Newtonian fluids in large arteries especially as high shear rates. We perform grid independence tests using fine, medium and course mesh. Convergence tests to check the validity of numerical parameters have been conducted. Around 5 million mesh points were the optimal number to obtain converged and grid independent solution.
Results for steady flow in diseased coronary artery
The simulations have been performed for type I-IV at Reynolds number (Re) of 400 on a mesh with 5 million mesh points. Here, we compare the similarities and the differences in the flow characteristics between these four types. The flow characteristics that we focus are the axial and radial mean velocity profiles, wall shear stress, turbulent kinetic energy, which is a representation of the turbulence, and the flow-velocity patterns in the x-z cross-sectional plane (streamwise-wall-normal plane). We selected 5 different locations along the length of the artery. This corresponds to z = 30 mm (inlet), z = 41 mm (proximal location of plaque), z = 46 mm (around center of the plaque), z = 53 mm (distal location of plaque), z = 57 mm (exit of the pipe). 
Mean velocity
First, we analyze the differences in the axial component of the mean velocity. The mean velocity is shown in Fig 4 (a)-(d) for type I, type II, type III and type IV respectively. Near the inlet of the pipe i.e. z = 30 mm, all the four types have similar velocity profiles and magnitudes. The differences in the velocity profile start to emerge at proximal plaque location. For type I the profile is symmetric with the peak magnitude occurring at the center-line, a similar trend is observed for type IV; however, the profile is no longer symmetric for type II and type III. For descending, type III, the peak location shifts towards the upper-wall around 2.8 mm. For the type II, the peak location shifts towards the lower-wall around 1.0 mm.
The magnitude of the peak velocity is highest for type IV of 2.25 m/s, around 2.1 m/s for type I and the lowest for types II and type III around 1.8 m/s. At z = 46 mm, half-way through the length of the plaque, the peak velocity occurs at the centerline for all the types, however, the peak magnitude is highest for type I, followed by type IV, type III and the lowest for type II. At the distal plaque location, the peak velocity occurs at the centerline for all the types, however, only type II exhibits high centerline velocity at distal end of the plaque compared to the proximal location. From the axial velocity profiles the inter type differences are evident from the proximal location of the stenosis until the post stenotic region. In type I, the bumpy shape results in elevated axial mean velocity but does not distort the symmetry of the mean velocity profile. In type II, the ascending nature of the plaque results in distortion of axial mean flow in near-wall region, but away from the lower wall of the artery the mean velocity does not alter due to the stenosis. In type III, the descending nature of the plaque distorts the axial mean flow throughout the cross-section of the artery, hence plaque on lower wall alter the flow above the centerline location. Type IV, diffused plaque elevates the axial mean velocity uniformly.
We next analyse the differences in radial velocity profiles at 5 different locations along the length of the artery for the four types as shown in Fig. 5 . At pipe inlet, the flow is unidirectional with no radial component of the velocity. As the flow approaches the plaque, the flow becomes three-dimensional with non-trivial radial component of velocity. There is flow away from the wall in the lower-half of the pipe and the flow is towards the wall in the upper-half of the pipe for all the 4-types. At z = 41 mm, the proximal end, similar profile of the radial velocity is observed for all the 4-types. However, the magnitude of the peak flow velocity is highest for type III which is around 0.8 m/s, followed by for type II to be around 0.2 m/s, and to be around 0.1 m/s for both types I and IV. At the distal end of the plaque, z = 53 mm, types I and IV exhibit similar trends with flow velocity towards the wall in the lower-half of the pipe, and flow velocity away from the wall in the upper-half of the pipe. For type III the flow is always towards the wall throughout the pipe, and type II has only non-zero flow velocity towards the wall in the upper-half of the pipe. All the types' exhibit flow reversal at the distal end of the plaque. This is an interesting observation. In conclusion, differences in radial component of the mean velocity are observed throughout the length of the plaque, however in the post-stenotic region the flow is independent of the type of the plaque and exhibits similar characteristics for all the four types.
Wall shear stress (WSS)
The wall shear stress distribution along the length of the artery is shown in Fig. 6 . The WSS profiles are significantly type dependent. Type III has the highest peak wall-stress, and this is followed by types I, II and the lowest is for type IV. This appears to be reasonable as the wall stress is driven by the velocity gradient and the sharpest gradient is observed for types III (descending) and the minimum gradient are observed for type IV. Another interesting feature observed is that multiple peaks are observed for all the three types with the only exception being type III. Elevated shear stress (compared to the smoothpipe) is observed in regions 40 mm-48 mm for type I, 40 mm-54 mm for type II, 40 mm-44 mm for type III and 40 mm-48 mm for type IV. It should be noted that though peak shear-stress is highest for type III, elevated shear stress is observed for largest area for type II.
Turbulence characteristics
Next, we analyze the differences in the turbulence characteristics between the four types. For this purpose, we look at the variation of the turbulent kinetic energy (TKE) along the length of the artery at wall-normal distance corresponding to the maximum height of the plaque as shown in Fig. 7 . The peak TKE occurs at proximal end of the plaque for all the 4 types. Type III exhibits highest peak TKE, followed by type II, and types I and IV have around same peak TKE. The profile of the TKE exhibits significant differences throughout the length of the artery. However, in the post-stenotic region the differences between the 4 types are hardly noticeable. Turbulence characteristics are significantly altered in the stenotic region due to the morphological features of the flow.
Finally, we next look at the flow patterns in cross-sections y-z plane (front view) plane. The flow patterns for type 1, 2, 3 and 4 are shown in Figs 8(a)-(d) respectively. Significant differences in flow patterns between these four types are evident. Type I exhibits recirculation pattern (with negative velocities) at the throat, point of maximum shear stress. Stronger recirculation pattern in proximal locations to the throat is observed in type III, and it extends to a larger area compared to the other types. On the other hand, types II and IV do not exhibit any significant recirculation regions. The flow patterns are clearly correlated to the wall shear stress observation as well as the mean velocity and turbulence profiles. From the WSS profiles, the maximum shear stress for type 1 occurs at the throat, however for type III, this occurs prior to the throat. For type IV the shear stress is uniformly distributed throughout the stenotic region. At proximal location to the throat, though all the types exhibited flow reversal of the radial velocity, only type III exhibits very dominant trend. Similarly significant peak in turbulent kinetic energy (TKE) is observed proximal to the throat for type III, whereas peak in TKE is observed at throat and distal to the throat for type IV. Types II and IV exhibit uniform distribution of TKE in entire stenotic region.
Effects of pulsatile flow conditions
A further set of simulations are performed to validate the conclusion of the effect of plaque morphology in altering the flow characteristics using pulsatile flow conditions. A pulsatile waveform as shown in Fig. 9 is used at the inlet. This pulsatile flow frequency parameter, i.e. Wormersley Number of five is used for all computational simulations. The Reynolds number (Re) varies from 200-1200 (for minimum and maximum flow rates respectively). For the outlet boundary conditions, a constant pressure was specified for all of the cases. The convergence criterion for velocities and continuity was taken as 10 À7 . Fig. 10(a)-(d) show the axial velocity profiles at proximal (z = 35 mm), peak (z = 46 mm), and distal (z = 55 mm) locations of the stenosis at maximum volumetric flow rate (Q max ) for types I-IV respectively. The differences amongst types I-IV at minimum flow rate (Q min ) are shown in Figs. 11(a)-(d) . Significant differences are observed in the post-stenotic region between the four types. The conclusions are similar to that observed for the steady flow conditions. Fig. 10(a)-(d) show the axial velocity profiles at proximal (z = 35 mm), peak (z = 46 mm), and distal (z = 55 mm) locations of the stenosis at maximum volumetric flow rate (Q max ) for types I-IV respectively. The conclusions are similar to that observed for the steady flow conditions. Fig. 11(a)-(d) compare the variation of the WSS values at Q max along the stenosis. For comparison purposes, an overlay of the shape of the stenosis has been included. For type I, peak in WSS corresponds to the geometrical peak. In type II, the maximum WSS occurs along the ascending portion of the artery. In type III, the maximum WSS occurs proximal to the stenosis. Type IV has uniform WSS throughout the length of the stenosis. The conclusions for pulsatile flow are similar to steady flow analysis. 
Discussion and conclusions
A numerical analysis has been performed to understand the effect of plaque morphology on the flow features in a diseased coronary artery. For this purpose accurate morphological information has been obtained for 42 patients who underwent IVUS procedure for a clinical indication at Cleveland Clinic Foundation. These patients exhibited moderate stenosis (less than 50% angiographically) in proximal to mid portion of LAD. For convenience of analysis, in order to group the lesions, a fuzzy logic analysis was performed by [1] based on morphological parameters such as shape, slope, and area occupied by the lesions for 42 patients. This resulted in a classification of plaques that we have defined as follows: type 1 lesions were those that exhibited conspicuous protrusions with peak-valley type structure, type 2 comprised those lesions with ascending or increasing slope, type 3 comprised those lesions with descending or decreasing slope, and type 4 comprised those lesions with constant slope and diffuse in extent.
In this study, we generate a 3-D replica of the lumen from the IVUS data. The lumen is meshed with fine tetrahedral meshing. The 3-D solid model is imported to flow simulation software ANSYS. The 3-D steady flow simulations were performed using the turbulence (k-e) model in a finite volume based computational fluid dynamics solver. Around 5 million mesh points were the optimal number to obtain converged and grid independent solution. The simulations have been performed at Re = 400 for types I-IV with same degree of stenosis (i.e. same maximum height of the plaque). The WSS characteristics and trends are similar to those observed plaques with craters [17] thus validating our numerics and the assumptions made.
We analyze the differences in the flow characteristics between these four types of plaques. In type I stenosis, the axial mean velocity profile is symmetric throughout the stenosed portion of the artery with peak velocity occurring at the centerline, similar to normal artery. However, the stenosis enhances the axial mean centerline velocity from the proximal to the peak stenotic region (throat of the stenosis) compared to a normal artery. Further, starting from the proximal to the post stenotic region, the flow is no longer unidirectional but has non-trivial radial component of the mean velocity. Elevated WSS is present up to the throat of the artery. The flow patterns have revealed recirculation vortex near the distal end of throat of the artery (valley region), this also corresponds to the location of peak TKE. These observations clearly indicate that in the wall region surrounding the plaque, shear layers are formed due to the higher speed fluid impacting the low-momen- tum fluid. The severe near-wall mean velocity gradients result in high streamwise momentum that results in lift-up near the throat of the artery and a recirculation region at the valley region of the stenosis. Type I results in shear-layer type of instability. The presence of shear-layer type instability due to stenosed flow has been reported before for semicircular stenosis.
In type II stenosis, the axial mean velocity is no longer symmetric near the ascending portion of the stenosed artery. This is vastly different compared to normal artery. The stenosis has significant affect in modifying the mean flow near the lower wall of the artery. This effect is confined only near the lower wall of the artery. In the ascending portion of the stenosis, the mean flow now develops strong radial mean velocity, which reduces in intensity the post-ascending portion of the artery. Elevated WSS is present throughout the stenosed portion of the artery. The flow patterns have revealed a jet of high streamwise velocity. The TKE patterns demonstrate that strong shear layer that has been formed cannot be sustained, resulting in breakdown of the structures to smaller scales.
In type III stenosis, the descending plaque configuration on the lower wall of the artery alters the axial mean velocity throughout the crosssection of the artery, significantly distorting the axial mean velocity even above the artery centerline. High radial component of the mean velocity is present in proximal location of the stenosis, and the mean radial flow is always towards the wall. High magnitudes of WSS (compared to all the types) and TKE are present at proximal location. Large recirculation patterns develop downstream of the descending portion of the plaque. These observations indicate that the descending nature of the plaque has most significant influence on both the mean flow as well as turbulence compared to all the other types. It clearly suggests that fluid dynamical forces (from WSS and TKE) also have the largest impact on type III stenosis over time. Finally, in type IV stenosis, the flow is altered in the near vicinity regions of the plaque. The diffused stenosis elevates the axial and radial mean velocity uniform throughout the length of the plaque; the WSS exhibits uniform distribution. The features of the flow for type IV are similar to features of the flow near the bumpy portion of type I. It indicates that in the absence of strong gradients in the geometry of the plaque (e.g. type II and type III), the flow response is linked to the highest peak of the stenosis. In the presence of strong geometrical gradients, the flow is strongly dependent on the nature of the gradients (e.g. ascending or descending). TKE and flow patterns reveal a flattened shear layers are formed as the high-speed fluid presses against the wall, creating locally high wall-shear stress. The flattened near-wall shear layers are not dynamically significant, since they produce local vorticity concentration at the wall, rather than in the flow-field.
It is very clear all the four types' exhibit different flow characteristics and hence degree of stenosis is not a defining metric to characterize the flow, the plaque morphology also plays a critical role in altering the flow both in the proximal as well as distal locations to the throat, region of maximum stenosis. It is strongly recommended to account for accurate plaque morphology for realistic flow characterization. The modified wall shear stress, turbulent kinetic energy and axial mean velocity clearly indicate differences in the net hemodynamic forces acting on the plaques. It strongly suggests implications that morphological differences between the plaques makes some of them vulnerable hemodynamically to plaque ruptures compared to the others.
The results of this analysis have direct implications in early disease detection of coronary artery disease (CAD) and in improved treatment protocols for stent placement to treat CAD. Though the importance of plaque morphology has been recognized before, this will be one of the first papers to use patient data to demonstrate the importance of plaque morphology. To date, only percentage based stenosis criteria (height of the stenosis) is used as a diagnostic criteria for clinical conditions as well for treatment protocols (i.e. stent placement). This study is the first one based on patient-specific data to demonstrate that for the same degree of stenosis, both the mean flow as well as the turbulence is significantly type-independent in a stenosed coronary artery. Inter-type flow alterations have been found to be significant compared to intra-type differences, signifying that the fluid forces acting on the plaque are very dependent on the shape or the type of the plaque. It is very likely that the rupture potential of the plaque over time is strongly correlated to the type of the stenosis.
The paper makes a significant contribution in demonstrating the critical importance of ''type-specific'' flow measurements for studying flows in diseased coronary artery. This work is an important direction for the future of numerical and laboratory experiments to account for accurate plaque morphology to predict hemodynamics in a diseased coronary artery. In future work we plan to include additional complexities such elastic nature of the artery and movement of the arterial walls to understand the effect of plaque morphology on the flow characteristics such as the hemodynamics forces acting on the plaques.
